INTRODUCTION
Recently, there have been many efforts to replace the present complicated production process of prostheses by casting with a computer-aided design/manufacturing systems1-13), (CAD/ CAM), and some of these efforts have been successful.
In the present paper, the development of a CAD system to produce a crown is presented. In the previous paper8), a CAD procedure to design crowns was proposed.
Standard 6 crown data were adapted based on the measured 6 die data, and the height and proximal contacts were adjusted in the initial step, where the standard 6 crown data were obtained by the subtraction of the measured data of 6 study model above their contour. In this study, occlusion with the antagonistic teeth was considered by modulating the shape of the occlusal surface based on the measured functionally generated path (FGP)14) data which were recorded on wax by biting and translating the antagonistic teeth on an articulator.
With this method, however, the shape and the position of the crown data were already determined in the initial step, and it was impossible to remodel during the adjustment step using the FGP data.
In the present paper, the shape of the antagonistic teeth in the centric occlusion (the bite data) was also measured and the position adjustment of the crown data with the bite data was attempted before surface modulation.
In the process of the data connection between the end of the crown data and the margin, use of a parabolic function was considered instead of the B-Spline function previously used.
MATERIALS AND METHODS

Data for CAD
The data used for CAD were those measured in the previous paper8), 6 die, proximal 5 and 7 molars, FGP records of antagonistic 6, and, additionally, measured bite data recorded on an average value condyle type articulator in the present paper were incorporated. The apparatus and method of measurement are described in the previous paper8). Data processing To perform CAD for crown restoration, several programs mentioned in the following section were written. The C language was used for programming*.
RESULTS AND DISCUSSIONS
Initial adaptation of 6 crown data on 6 die Measured data of a standard 6 molar were adapted on 6 die data and the size, position, tilt, and rotation of the data were varied so that the appropriate adjustments with the proximal 5 and 7 teeth were obtained. After adjustment, the coordinates of the adapted crown were transformed so that coincidence of the coordination with the die was obtained.
The adapted crown and the 5 to 7 teeth are shown in Fig. 1a ) and b) by computer graphics (CG) in the x and z directions, respectively. Position adjustment of adapted crown data to bite data and occlusal surface modulation by FGP data In the procedure mentioned above, the accuracy of adjustment was judged by the relative position with the proximal teeth assuming a normal occlusion with the antagonistic tooth. However, in the clinical setting, various occlusal conditions exist which are not taken into account in the CAD. To realize the centric relation of occlusion in each case, position adjustment based on the data of the antagonistic tooth is required.
Next, the shape of the antagonistic tooth was recorded on bite wax using an articulator (in the future, it is anticipated that this process will be done directly in the mouth of the patient).
To achieve coincidence of the position, the bite recorded wax was put on the 6 die model and measured. CG representation of these bite data with the 5 to 7 teeth is shown in Fig. 2 . Here, the adapted crown data, shown in Fig. 1 , were inserted in Fig. 2 , and adjusted again so that the centric relation of occlusion could be realized as shown in Fig. 3 . In this adjustment, the position of the crown data was shifted in the x, y and z directions so that the partial contacts with the bite data were realized without thrust of the crown data out of the bite data.
The adjustment of each cross section of the data was observed continuously by CG from the mesial direction as shown in Fig. 3b) . The clearance between the crown data and the bite data is shown by hatching.
At present, the optimum adjustment was judged by the eyesight, but a more precise method will be required.
After the adjustment, the bite data were replaced with the FGP data which were measured and used in the previous paper.
Then, the overlap between the crown data and the FGP data appeared as shown by hatching in Fig. 4 . Since they will disturb the occlusal movement of the antagonistic tooth, these portions in the crown data were replaced with those of the FGP data. Thus, under these conditions, the modulation of the occlusal surface of the crown data was carried out considering the occlusal movement of the antagonistic tooth. In Fig. 5a ) and b), CG of the crown data before and after occlusal surface modulation were shown. The slight depression, which corresponds to the hatching in Fig. 4 , was observed in the occlusal surface in Fig. 5b ) as shown by the arrows. Connection between end of crown data and margin In the previous paper, connection between the end of the crown data and the margin was carried out after initial adaptation8), but in the present paper, this procedure was done after surface modulation since adjustment with the bite data might require the position of the crown data to be slightly shifted. The connection was carried out using two methods. One was for the crown end data which intersected with the margin by extension.
In the previous paper, a third order B-Spline function was used as a mathematical function, but connected lines by this function became rather linear and not smooth.
In the present paper, a parabolic function which has slight swelling was applied to pass three data points, those are, two end data points in the crown data and the corresponding margin datum point. As shown in Fig .  6a ), a smoother connection was obtained than with the previous B-spline function . The other connection was for the crown end data near the contact points.
Two data of both ends of crown data were connected circularly by specifying appropriate data points manually using a computer mouse, and linking them by the third order B-Spline function as in the previous paper.
The results were shown in Fig. 6b ) together with the parabolic connections with the margin. Subtraction of crown data In Fig. 7 , the CG of the completed design of the restoration of the 6 die by CAD is shown . In these data, the die data above the margin line were subtracted and applied as the inner shape of the crown data.
They were connected with the outer shape of the crown data as mentioned above. The CG of the whole CAD data of the finished crown is shown in Fig. 8 . Thus, the CAD process for restoration was accomplished. In this case, the object model was an ideal study model which had even teeth and a die with sharp shoulder margin. Clinically, however, more complicated and difficult cases must be treated. Thus, the development of a program to deal with such complex cases will be required.
Further, in the next paper, a CAM process to fabricate a crown will be reported.
CONCLUSION
Improvement in the CAD process to design the shape of a crown restoration of 6 molar was carried out. Before the occlusal surface modulation of the crown data by the FGP data, the bite data of antagonistic tooth was measured and the crown data were adjusted to the position of the bite data and centric occlusion was attempted. After fixation of the crown data to a suitable position, surface modulation by the FGP data was carried out.
In the process of connecting the end of the crown data and the margin, a parabolic function was used instead of the B-Spline function, and these data points were connected more smoothly.
Thus, the improved CAD data which were composed of the die data, the crown data and the connecting data were completed. They will be used as the basic data for CAM.
